Solution-processed organic electronic devices often consist of layers of polar and non-polar polymers. In addition, either of these layers could be doped with small molecular dopants. It is extremely important for device stability to understand the diffusion behavior of these molecular dopants under the thermal stress and whether the dopants have preference for the polar or the non-polar polymer layers. In this work, a widely used molecular dopant 2, 3, 5, 7, 8, was chosen to investigate dopant site preference upon thermal annealing between the polar thiophene poly(thiophene-3-[2-(2-methoxy-ethoxy)ethoxy]-2,5-diyl) (SeP3MEET) and non-polar thiophene poly(3-hexylthiophene) (P3HT). F4TCNQ is able to p-type dope both P3HT and SeP3MEET. Further doping studies of SeP3MEET using near edge X-ray absorption fine structure spectroscopy, conductivity measurements and atomic force microscopy show that the F4TCNQ additive competes for doping sites with the covalently attached dopants on the SeP3MEET. Calorimetry measurements reveal that the F4TCNQ interacts strongly with the side-chains of the SeP3MEET, increasing the melting temperature of the side-chains by 30 C with 5 wt% dopant loading. Next, the thermal stability of doping in the polar/ non-polar (SeP3MEET/P3HT) bilayer architectures was investigated. Steady-state absorbance and fluorescence results show that F4TCNQ binds much more strongly in SeP3MEET than P3HT and very little F4TCNQ is found in the P3HT layer after annealing. In combination with reflectometry measurements, we show that F4TCNQ remains in the SP3MEET layer with annealing to 210 C even though the sublimation temperature for neat F4TCNQ is about 80 C. In contrast, F4TCNQ slowly diffuses out of P3HT at room temperature. We attribute this difference in binding the F4TCNQ anion to the ability of the ethyl-oxy side-chains of the SeP3MEET to orient around the charged dopant molecule and thereby to stabilize its position. This study suggests that polar side-chains could be engineered to increase the thermal stability of molecular dopant position.
The effect of thermal annealing on dopant site choice in conjugated polymers Jun Organic electronic materials and devices have recently been extensively studied because they show the potential to replace inorganic components for some applications, including organic photovoltaics (OPVs) and organic light emitting diodes (OLEDs) [1e3] . Organic electronic devices often consist of multiple thin (5e100 nm) layers, each of which has a specific electronic and/or optical function. It is tempting to assume that the device will operate as if each layer is discrete, pure, and has sharp interfaces. In practice, however, it is difficult to control the composition and morphology of these layered materials because of chemical reactions at layer interfaces and diffusion of mobile species through the interface [4, 5] . Since the thermal stability of the layers and interfaces are essential in determining the quality and stability of the devices, the characterization of organic layer properties in connection with thermal stress is imperative in understanding the mechanisms involved in device degradation [6, 7] .
Many solution-processed organic electronic devices incorporate a polar (hydrophilic) layer and a non-polar (hydrophobic) layer because the use of orthogonal solvents allows layer stacking (Fig. 1) . In fact, the most widely used material in solution-processed organic electronic devices is the transparent conductive polymer poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) because of this layering ability [8e11] . However, even covalently bound ionic dopants have been shown to cause inadvertent doping of adjacent layers. Excess polymeric dopant (PSS) has a tendency to phase segregate into a surface layer on top of the PEDOT:PSS mixture, and after heat treatment mix with and dope the adjacent non-polar semiconducting polymer layer [12e15] . A similar effect has also been observed in mixtures of another polymeric dopant, perfluorinated ionomer (PFI), with poly(thiophene-3-[2-(2-methoxy-ethoxy)ethoxy]-2,5-diyl) (SeP3MEET). It was shown that PFI tends to phase separate out of the polymer due to its low miscibility in conjugated polymers, forming a PFI-rich skin between SeP3MEET and poly(3-hexylthiophene) (P3HT) layers. In this case, the location of the dopant remains stable under considerable thermal stress, which implies that reduced mixing can hinder undesired doping [16] . This relationship between ionic dopant miscibility and contact doping across a polar/non-polar interface was recently quantified for a variety of self-doped polymers [17] .
By comparison, molecular dopants are more traditionally used in small molecule evaporated devices. Since the dopant is a separate molecule, it can be co-evaporated with a hole or electron transport material and causes doping by forming charge transfer salts in-situ in specific layers [18, 19] . This dopant type is used to tune the work function and/or induce selective n-type or p-type charge transport [20] . A disadvantage, however, is that these dopants are not covalently bound into position and thereby can diffuse into other layers within the device under thermal or electronic stress. The weaker van der Waals or Coulombic forces at play in these samples are not sufficient to bind the dopant into place [21, 22] . Li et al. recently showed that 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) sublimates out of the N,N,N 0 ,N 0 -tetrakis(4-methoxy-phenyl)benzidine (MeO-TPD) mixed layer at~150 C and diffuses at room temperature [23] . F4TCNQ has also been investigated as a p-type dopant for polymer samples using solution-processing with many of these studies focused on the non-polar polymer P3HT [24e26]. More recently, F4TCNQ was used to control the solubility of P3HT for patterning purposes and is likely therefore to be incorporated into solution-processed devices in the near future [27] . Unfortunately, little attention has been paid to the question of whether the molecular dopants have preference for the polar layer or for the non-polar layer, which is of high interest from the device stability perspective.
In this study, conjugated polymers, SeP3MEET and P3HT (Fig. 1) , will be used to fabricate the polar and non-polar layers, respectively. SeP3MEET and P3HT are chosen because 1) both materials have similar polythiophene backbones; 2) P3HT is the most widely used conjugated polymer while SeP3MEET has been shown as a promising alternative to PEDOT:PSS [28, 16] , and 3) SeP3MEET forms a thermally stable bilayer with P3HT, so we can study the transport of F4TCNQ without interference from mixing between the layers. The first part of this paper explores whether F4TCNQ is able to dope SeP3MEET. A comprehensive study on the electronic, morphological and thermal properties of the F4TCNQ doped SeP3MEET layer is performed. Next, a combination of absorbance/ fluorescence spectroscopy and X-ray reflectometry techniques are used to investigate the location of F4TCNQ upon thermal annealing of bilayers of polar SeP3MEET and non-polar P3HT.
Materials and methods

Materials and sample preparation
The SeP3MEET formulation (Plexcore OC RG-1100) was provided by Plextronics, inc. F4TCNQ (!97%), Poly(3-hexylthiophene-2,5-diyl) and (P3HT) (Regioregular, M n ¼ 54e75 kDa) were purchased from Sigma-Aldrich. All chemicals were used as-received unless otherwise indicated.
For sample preparation, all substrates were cleaned using ultrasonic baths of acetone, 5% Mucasol solution, and deionized water, successively, followed by nitrogen drying. The substrates were then placed to a UV-ozone cleaner for 30 min before use. The F4TCNQ solution used to dope the SeP3MEET was prepared by dissolving F4TCNQ in a solvent mixture that consisted of 50% isopropyl alcohol, 40% 1,3-propanediol, and 10% deionized water by volume to a concentration of 1 mg/ml. Solutions of SeP3MEET and F4TCNQ were then mixed in appropriate ratios to achieve the desired doping levels. The films were then spin-coated on clean substrates from blend solutions, and placed on a hotplate at 110 C for 3 min to remove excess solvent.
Characterization
Steady-state absorbance and photoluminescence spectra were recorded on a Perkin Elmer Lambda 750 spectrophotometer and a Varian Eclipse photoluminescence spectrophotometer, respectively. The photoluminescence experiments were conducted using a 2.38 eV excitation beam to optically excite the P3HT. Spectroscopy measurements were performed on P3HT/F4TCNQ bilayer samples. For one of the P3HT/F4TCNQ bilayer samples, the P3HT was first spin-coated onto a glass substrate to form an 80 nm thick film. The sample was then placed in a MBraun thermal evaporator, which was pumped down to a pressure of 5Â10 À6 mbar before depositing 10 nm of F4TCNQ onto the P3HT film at a rate of~0.2 Å/sec. Another P3HT/F4TCNQ bilayer was prepared by mechanically laminating the two individual layers together. This was accomplished by depositing the P3HT and F4TCNQ layers separately onto glass substrates and clamping the layers together with a force of approximately 0.3 N/cm 2 . The two layers remained in contact for three weeks before the spectroscopy measurements were performed. For the SeP3MEET/P3HT bilayer sample, 60 nm P3HT layer was spin-coated on top of 60 nm undoped or doped SeP3MEET layer. The samples were measured before and after annealing. Last, the inverse P3HT/SeP3MEET bilayer sample was also prepared by spin-coating 60 nm SeP3MEET onto 60 nm F4TCNQ doped P3HT film. Near edge X-ray absorption fine structure measurements were performed on beamline 6.3.1 at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL). Thin films of SeP3MEET and F4TCNQ doped SeP3MEET were spin-coated onto ITO-coated glass substrates, and then heated at elevated temperatures for 5 min before the measurements. Carbon K-edge spectra were obtained by total electron yield (TEY) at a~30 incidence angle using a Galileo 4716 channeltron electron multiplier, and the TEY signal was normalized by the incident beam intensity I 0 . The data were processed and analyzed using Athens software, where a linear background was subtracted, and the spectra were normalized above the edge at 320 eV.
For in-plane conductivity measurements, four electrodes (5 nm Cr/95 nm Au, 1Â5 mm 2 , 1 mm spacing) were deposited on clean glass substrates by thermal evaporation. Films were then spincoated and measured with a four-point probe setup using a Keithley 2420 sourcemeter unit. All conductivity measurements were performed in the dark under a nitrogen atmosphere in a glovebox. Atomic force microscopy measurements were performed in tapping mode using a Veeco Multimode microscope.~30 nm thickness films were prepared at each doping concentration. Silicon probes (Tap300Al-G) with a resonant frequency of 300 kHz and a force constant of 40 N/m were used for imaging. Images were analyzed and processed using Veeco NanoScope Analysis software.
Differential scanning calorimetry measurements were performed using a Mettler-Toledo differential scanning calorimeter. The SeP3MEET and blend solutions were first drop-casted onto clean 1Â3 in.
2 glass slides. The samples were then placed into a vacuum chamber for 30 min, and placed on a hot plate in a nitrogen filled glovebox set to 110 C for 1 min to remove the residual solvent. The samples were then scraped from the glass slides using a clean razor blade. For the measurement, 5e6 mg of the polymer samples were sealed into 40 ml aluminum pans. The scans were taken with a temperature ramp rate of 10 C/min from 0 to 300 C. X-ray reflectometry measurements were performed on beamline 2-1 at the Stanford Synchrotron Radiation Lightsource (SSRL). Silicon wafers (3 in. diameter) were used as substrates. The sample was prepared by first spin-coating a mixture of SeP3MEET with F4TCNQ onto the substrate to obtain a film with thickness~30 nm, and heated at 110 C for 3 min to remove excess solvent. A 20 nm P3HT layer was then deposited on top. The measurements were performed using an 8 keV incident beam in a He atmosphere and the reflectivity spectra were obtained using a Bicron scintillation point detector. The same sample was heated on a hot plate at elevated temperatures for 5 min and was remeasured after each heating step. The reflectivity data were analyzed using the MOTOFIT reflectometry analysis package within the IGOR software [29] . A SLAB model was used to represent the samples.
Results and discussion
Molecular doping of the non-polar layer
P3HT has been extensively used in organic electronic devices. A considerable number of studies have already shown that the molecular dopant F4TCNQ is able to p-type dope P3HT [24, 26, 30, 31] . In this section, this molecular doping process is re-examined from the dopant diffusion perspective.
Instead of solution doped blend films seen in the literature, here a P3HT/F4TCNQ mixed layer was prepared by evaporating 10 nm of F4TCNQ onto an 80 nm P3HT film (upper cartoon in Fig. 2 ). The resulting UVevis absorbance and photoluminescence (PL) spectra are shown in Fig. 2 (green dots). It is clear that P3HT and F4TCNQ do not form a stable bilayer structure, but rather the P3HT is substantially doped by the F4TCNQ molecules, as seen by the reduced P3HT absorbance around 2.48 eV and the appearance of the broad peaks centered around 1.5 eV and 0.6 eV which are characteristics of P3HT þ polarons [24, 25] . Based on the ground-state/polaron peak ratio, we can determine a doping concentration of~11 wt% [31] , which agrees nicely with the amount of F4TCNQ we deposited. This result suggests that P3HT provides a good host for F4TCNQ and that when it is present, the F4TCNQ efficiently dopes the entire P3HT layer at room temperature with an unambiguous change in the optical absorbance. The PL of P3HT in the inset of Fig. 2 shows complete quenching by the presence of F4TCNQ. These results imply that F4TCNQ diffuses throughout the P3HT layer, causing complete mixing between these two materials with only the thermal activation of the 80 C thermal source.
To obtain room temperature diffusion results, another P3HT/ F4TCNQ bilayer sample was prepared by mechanically stacking neat layers of F4TCNQ on glass and P3HT on glass together for three weeks (lower cartoon in Fig. 2 ). Any change in the spectra is attributed to room temperature diffusion between separate films. The spectrum of the P3HT film after contact (blue dots) is also depicted in Fig. 2 . It shows that the F4TCNQ does diffuse into the P3HT at room temperature by the appearance of the same doping features in the absorbance spectrum around 1.5 eV and 0.6 eV. However, in this case, the P3HT þ polaron peaks are less pronounced and the PL quenching of the P3HT is reduced compared with the evaporated sample, indicating that F4TCNQ diffuses into the P3HT layer rather slowly at room temperature (~2.2 wt% doping concentration).
Molecular doping of the polar layer
It has been shown in the above section that F4TCNQ is able to ptype dope non-polar P3HT layer. Theoretically, such interaction is expected if the ionization energy (IE) of the polymer is lower than the electron affinity (EA) of p-type dopant. However, the IE and EA values reported from different groups vary to a large extent, e.g. the IE P3HT was reported from 4.6 to 5.0 eV [32e34] and the EA F4TCNQ was reported from 5.08 to 5.24 eV [35, 36] . Even though the IE of SeP3MEET was measured to be IE SÀP3MEET z 5.1 eV [28] , a simple judgement of doping or non-doping cannot be made just based on these two numbers. Therefore, further experimental verification is still necessary in order to demonstrate the ability of F4TCNQ to dope SeP3MEET. Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy is a powerful technique to investigate the bonding and oxidation states of polymers and small molecules. Photoabsorption excites and ionizes 1s electrons, leaving empty core states. The resulting energy loss spectrum gives unique spectroscopic fingerprints that can be assigned to specific chemical groups. The spectrum for electronically delocalized states is difficult to calculate because it is very sensitive to intermolecular interactions like pep stacking and doping [37, 38] . The normalized carbon K-edge total electron yield (TEY) spectra of neat and 1 wt% F4TCNQ doped SeP3MEET samples are shown in Fig. 3 . The spectrum of neat F4TCNQ is also plotted for reference. Detailed peak assignments of F4TCNQ are not shown here but can be found in published literature [23] . As can be seen, significant changes are observed between the doped and undoped SeP3MEET films. The peak at 285.2 eV, which corresponds to the C1s(C]C) / p * C¼C transition and is associated with aromatic carbons in the thiophene rings, increases dramatically upon p-doping [16, 39, 40] . Note that no linear combination of the spectra from pure F4TCNQ and SP3MEET can account for the increased intensity of the pre-edge peak. The increased intensity of the pre-edge peak indicates an increased density of delocalized hole states in the SeP3MEET backbone, corresponding to p-type doping. Similar results have also been reported for the p-type doping of P3HT by PSS [13] and SeP3MEET doped with a PFI, Nafion [16] . In addition, the peak around 293 eV (associated with s * CÀF excitations [41, 42] ) also increases in intensity as expected due to the presence of F4TCNQ. Finally, no significant changes are found with increased annealing temperature up to 180 C other than slightly increased intensity of the C1s(CeH) / s * CÀH transition peaks around 300 eV (Supporting Information Fig. S1 ). Since TEY detected NEXAFS is a surface sensitive technique with electron escape depth~5 nm [43] , this result indicates no change to surface composition. The increased intensity at 300 eV is likely due to the subtle structural rearrangement of SeP3MEET with more side-chains at the film/air interface after annealing. Given that the spectra of doped films at mild and high heating are quite similar, it implies that unlike PFI doped SeP3MEET, where the doping process occurs only at elevated temperature [16] , F4TCNQ doping occurs spontaneously.
The sharp increase of the near edge peak in the NEXAFS spectrum with addition of F4TCNQ is clear evidence that SeP3MEET is p-type doped by F4TCNQ at low doping concentrations. However, NEXAFS is unable to either assess the efficiency of doping or predict how much the conductivity or morphology of SeP3MEET is affected by the presence of dopants. Therefore, further investigation on dopant induced conductivity is necessary. The in-plane conductivity (s) of SeP3MEET films with doping concentrations up to 10 wt% are shown in Fig. 4 . The s of neat SeP3MEET film is measured to be 98.7 ± 10.8 mS/cm, which is consistent with the previously reported value [16] . The blend films show a decrease in conductivity of 50e60% once the F4TCNQ concentration reaches 1.2 wt%. Since molecular doping was expected to increase the conductivity of conjugated polymers [44, 45] , the decreased conductivity beyond 1.2 wt% doping shown here was unexpected. One possible explanation for this effect is that F4TCNQ causes morphological changes in the film that result in reduced charge transport.
In order to investigate the effect of F4TCNQ doping on the SeP3MEET surface morphology, the films were examined using atomic force microscopy (AFM). The topography and phase images at representative doping concentrations are shown in Fig. 5 . The full doping concentration series of images can be found in the Supporting Information (Fig. S2) . Also, the root mean square (RMS) roughness values obtained from the topography and phase images are listed in Table 1 . As can be seen, only subtle changes in topography and phase are observed upon doping. The topography roughness only increases slightly from 1.5 nm to 2.2 nm for a film with thickness~30 nm, while the phase roughness remains the same. These results clearly prove that the conductivity decrease does not result from morphological changes to the SeP3MEET.
To further study the microstructural effect of adding F4TCNQ to SeP3MEET, the samples were examined using differential scanning calorimetry (DSC). The DSC curves for SeP3MEET with 0e10 wt% F4TCNQ are shown in Fig. 6 . The neat SeP3MEET heating curve (black) shows a strong negative feature with onset at 98 C that corresponds to the side-chain melting, and a broad weak negative feature ranging from 230 C to 270 C that is correlated to the backbone melting the of polymer. Normally, the melting temperature is lowered upon addition of an impurity to a pure compound due to increased entropy upon mixing [46] . However, that is not the case here. Addition of F4TCNQ to SeP3MEET results in a continuous increase in the side-chain melting temperature, which increases bỹ 30 C with addition of 5 wt% F4TCNQ.
The increased melting temperature of the side-chains with added F4TCNQ implies: (1) that the side-chains interact with the F4TCNQ and (2) that the presence of F4TCNQ stabilizes and/or orients the side-chains. The NEXAFS spectrum provides strong Fig. 3 . Carbon K-edge NEXAFS spectra of SeP3MEET, F4TCNQ and blend film of SeP3MEET with 1 wt% F4TCNQ. The peak assignments are also shown. evidence that F4TCNQ is charged in SeP3MEET. The charged F4TCNQ causes the polar bonds in the side chains to orient due to the Coulombic interaction. This is a well known effect in crown ether [47] and poly(ethylene oxide) (PEO) [48] systems. It is therefore reasonable to assign the increased side-chain melting temperature to orientation of the polar CeO bonds around the charged F4TCNQ anion. We also note that the side-chain melting decreased slightly with 10 wt% doping, which shows that maximum side chain interaction with F4TCNQ is reached between 5 and 10 wt% F4TCNQ loading. Since the side chains could only orient to charged F4TCNQ, we posit that the maximum doping level is reach at between 5 and 10 wt% doping. In the following dopant diffusion studies, 10 wt% F4TCNQ doping is chosen for maximum contrast.
To summarize, given the evidence of the increased charge density from NEXAFS experiment and the strong side-chains interaction from DSC experiment, it is reasonable to assume that the molecular dopant F4TCNQ undergoes either full charge separation or partial charge transfer with the SeP3MEET. Even though addition of F4TCNQ does not increase the conductivity, all other evidence points to charging of F4TCNQ. We do not assign a mechanism to the charging of F4TCNQ because there is no strong evidence for either partial of full charge transfer, nor is the determination of the mechanism central to this article. There is some evidence that the F4TCNQ charging can compete with the doping by the sulfonate groups on the SeP3MEET for counter ions. Beside the lack of conductivity increase is the thermal persistence of the NEXAFS data. Doped samples heated to 110 C and 180 C have identical spectra (Supporting Information Fig. S1 ), while F4TCNQ clearly leaves the P3HT layer at less than 150 C. Also the AFM phase images are unaltered upon doping. If there was no doping competition, we would expect F4TCNQ to remain neutral and to form separate domains, which would result in substantial roughening of the phase image. Finally, the melting temperature range for the backbone does not change much, but broadens slightly, indicating that there is only a very small change in the doping density along the polymer backbone, which again argues for a doping competition between F4TCNQ and the sulfonate groups. Significantly more spectroscopic work would need to be performed to assign this charging mechanism more accurately.
Dopant site choice upon thermal annealing
In the above section, we have shown that F4TCNQ is also able to dope SeP3MEET. However, in typical device architectures, other non-polar layers, such as P3HT, are stacked adjacent to the polar layer. We have also shown in section 3.1 that P3HT can be doped by F4TCNQ. The questions then arise whether the F4TCNQ has preference to stay in the polar layer (e.g. SeP3MEET) or in the non-polar layer (e.g. P3HT), and how thermal annealing affects this site choice.
The logic of the experiments in this section is that polar/nonpolar (SeP3MEET/P3HT) bilayers are fabricated. F4TCNQ starts either in the polar or the non-polar layer at room temperature and the adjacent layer starts free of dopant. Since SeP3MEET is almost transparent and does not fluoresce, the diffusion of dopant upon thermal annealing is observed by monitoring the change of absorbance and/or fluorescence quenching of P3HT layer only.
First, the bilayer sample with dopant starting in the non-polar layer is investigated. A P3HT film was spin-coated onto a 10 wt% F4TCNQ doped SeP3MEET layer (cartoon in Fig. 7a ). An undoped bilayer sample was also prepared for reference. The UV-vis absorbance and photoluminescence (PL) spectra of both samples were then recorded before and after thermal annealing. The absorbance spectra of all samples (Supporting Information Fig. S3a ) do not show any significant differences other than a slightly more pronounced vibrionic peak at 2.03 eV due to re-crystallization of P3HT with annealing [49, 50] . If P3HT were oxidized by F4TCNQ or at the surface with SeP3MEET, the P3HT absorption would be bleached and polaron absorption peaks would be seen at 1.55 eV, as seen in Fig. 2 [51] . However, the F4TCNQ concentration in the P3HT film is not high enough to see these doping features in the absorbance spectrum at any temperature. Based on previous work with P3HT, this means that the doping level is below 0.6 wt% [31] .
The P3HT photoluminescence, on the other hand, is more sensitive to the presence of impurities such as F4TCNQ because exciton diffusion allows for sensing over a much larger volume [52e54]. The inset of Fig. 7a shows partial quenching of the photoluminescence upon thermal annealing at 210 C, and the full temperature series of PL quenching results can be found in the Supporting Information Fig. S3b . Assuming that all PL quenching is the result of dopants diffusing into the P3HT layer, the doping concentration can be determined by comparison to a calibration curve [31] . The total extrinsic doping concentration in P3HT as a function of annealing temperature is plotted in Fig. 7a .
Upon thermal annealing, both doped and undoped bilayer samples show evidence of P3HT quenching. The increased PL quenching in the undoped bilayer sample (black line) after annealing could be caused by interfacial doping of the P3HT by the Fig. 6 . Heat flow vs. temperature measured using a DSC for samples of SeP3MEET doped with different F4TCNQ concentrations. Fig. 7 . a) Doping concentration in P3HT film determined from photoluminescence quenching of undoped (black) and doped (red) SeP3MEET/P3HT bilayer samples at elevated temperatures. Inset cartoon: prepared bilayer structure. Inset figure: photoluminescence spectra of both undoped (cyan) and doped (orange) SeP3MEET/P3HT bilayer samples after annealing at 210 C. b) Doping concentration in P3HT film determined from the ground-state/polaron peak ratio in UV-vis-NIR spectra of doped P3HT film (black) and doped P3HT/SeP3MEET bilayer (red) at elevated temperatures. Inset cartoon: prepared bilayer structure. Inset figure: UV-vis-NIR spectra of doped P3HT/SeP3MEET bilayer sample before (cyan) and after (orange) annealing at 150 C. The spectrum of neat P3HT (black) is also shown for reference. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
SeP3MEET sulfonate side groups [16, 17] . We assume that this type of doping occurs in both samples. However, the calculated doping level in P3HT in the doped SeP3MEET sample (red line) is still higher than for the undoped sample. We attribute the difference to the F4TCNQ diffusing from the SeP3MEET layer into the P3HT and quenching the fluorescence. Considering that both doped and undoped samples show close to identical quenching after annealing, it implies that most of the PL quenching is caused by mixing of the P3HT with SeP3MEET. F4TCNQ only dopes P3HT to <0.03 wt% at any annealing temperature and is not the most important quenching agent in the annealed bilayers. In addition, the results from Fig. 2 in section 3.1 show that the efficient diffusion of F4TCNQ into the P3HT layer results in complete quenching of PL. However, the doped SeP3MEET/P3HT bilayer sample here still retain 40% photoluminescence even after heating up to 210 C. All these combined results imply that under thermal stress, either F4TCNQ still remains in SeP3MEET or if F4TCNQ is diffusing out of SeP3MEET, it does not stay in the P3HT layer but instead sublimates away.
Next, the bilayer sample with dopant starting in the polar layer is examined. A SeP3MEET film was spin-coated on top of 20.6 wt% (17 mol%) F4TCNQ doped P3HT (cartoon in Fig. 7b) . The 20.6 wt% doping ratio is chosen because it is reported as the concentration at which the blend F4TCNQ/P3HT system achieves maximum conductivity [24] . Upon thermal annealing, the UV-vis spectra (the inset of Fig. 7b ) show reduced P3HT absorbance around 2.48 eV and the appearance of the broad peaks centered around 1.5 eV and 0.6 eV which are characteristics of P3HT þ polarons as seen in Fig. 2 [ 24, 25] . Based on the ground-state/polaron peak ratio, we also quantify the doping concentration in the P3HT layer [31] and the results are plotted in Fig. 7b . Interestingly, the presence of a SeP3MEET top layer makes no difference on the removal behavior of F4TCNQ from P3HT. After annealing to 180 C the F4TCNQ concentration is reduced from 20.6 to 3.7 wt%. Since no spectroscopic evidence of neutral F4TCNQ appears, it is safe to conclude that the F4TCNQ leaves the P3HT layer. However, the question of whether F4TCNQ stays in SeP3MEET or sublimates out of the sample under thermal stress cannot be determined from these measurements. Reflectometry techniques such as neutron reflectometry (NR) or X-ray reflectometry (XRR) have recently been used to measure and quantify the vertical concentration of impurities in mixtures of polymers with fullerenes or other small molecules [23,38,55e60] . The X-ray reflectivity curves for a bilayer of P3HT on top of SeP3MEET doped with F4TCNQ at elevated annealing temperatures are presented in Fig. 8a . From fitting reflectivity data for a neat P3HT layer, the scattering length density (SLD) of P3HT was determined to be 8.29Â10
À6 Å
À2
, which corresponds to a mass density of 0.9 g/cm 3 [61] . This value is slightly lower than reported from literature [62] , but the measured density depends on purity, molecular weight, and sample preparation history. The SLD for F4TCNQ was calculated to be 11.8Â10 À6 Å À2 using a mass density value of 1.4 g/cm 3 [36] . Finally, we measured the SLD of SeP3MEET to be 9.59Â10 À6 Å À2 for a neat sample.
The fits to the reflectivity curves, based on a two-layer SLAB model, are presented in Fig. 8b . Depicted is the SLD vs. the vertical position in the film. The substrate of the sample is shown to the left of the plot at a depth of 0 Å and the right of the plot is the surface. The plot shows that the SeP3MEET layer loses some SLD while the P3HT layer gains SLD with increased annealing temperature. In addition, the entire film stack loses some thickness (~5%). Quantitative analysis of the reflectometry data was performed to observe the dopant diffusion behavior. Several assumptions were made for the model:
1. The SLD of F4TCNQ is constant; 2. Movement of F4TCNQ will not affect the total volume of the film stack; 3. All mass loss is caused by evaporation of F4TCNQ; 4. No F4TCNQ stays in the P3HT layer. The SLD change of the P3HT layer only comes from the P3HT density change.
Assumption 4 can be justified by the PL quenching results presented in Fig. 7a , where only less than 0.03 wt% F4TCNQ was found within the P3HT part of the bilayer structure after annealing to any temperature. In addition, If we assume that all of the change in SLD comes from movement of F4TCNQ, then we calculate increased F4TCNQ concentration in the P3HT layer with increased annealing temperature, which is the opposite to the result measured using PL measurements. Instead, if the density of P3HT and dopant concentration in SeP3MEET layer are allowed to change, we find a model consistent with the optical data. The details are as follows. First, after annealing to 180 C, the sample loses~2% of the total mass due to evaporation of~50% of the initial F4TCNQ. Typically, neat F4TCNQ is thermally evaporated using an 80 C source in vacuum [63] . Since we saw no mass loss for annealing temperatures up to 150 C, we can safely conclude that F4TCNQ binds tightly enough in the SeP3MEET/P3HT bilayer to resist evaporation until the annealing temperature exceeds 150 C. Next, the SeP3MEET layer maintains a near constant density but loses 1.3 nm in thickness. This thickness loss is due to de-mixing with the P3HT layer, as is seen in the reduction of the SeP3MEET/P3HT interface roughness. At the same time, heating to increasingly higher temperatures allows P3HT to re-crystallize and densify. We see increased density in P3HT which is consistent with literature reports [64] . The fitting parameters and calculation results are given in Table 2 .
An explanation of the data can be reached using both the spectroscopy and reflectometry data. The photoluminescence of P3HT is not quenched significantly by F4TCNQ from the SeP3MEET layer, even with thermal annealing. The XRR data fit shows that 50 wt% of the original F4TCNQ remains in the SeP3MEET, which corresponds to~5 wt% of the SeP3MEET. Recall from the DSC data in Fig. 6 that addition of 5 wt% F4TCNQ causes a strong increase in the side chain melting point of the SeP3MEET. It is therefore a plausible conclusion that orientation of the side chains around the dopant anions makes SeP3MEET much better at trapping F4TCNQ. But with 10 wt% doping, only one half of the F4TCNQ molecule are charged, and so the uncharged half sublimates from the sample. Although F4TCNQ can dope P3HT as well, the P3HT side chains are non-polar alkanes that are repelled from an anion and so, as shown in Fig. 7 , the F4TCNQ sublimates out of P3HT at much lower temperatures. We must admit that a second explanation of the data could be that a chemical reaction between F4TCNQ and an electron rich group like ÀSO À 3 could covalently bind the F4TCNQ to the polymer and thereby make the dopant insoluble. However, if this chemical reaction exists, we would expect to have seen its existence in the DSC data. With increased F4TCNQ concentration this reaction would have used or released more heat. But there is no peak in the DSC data that grows with F4TCNQ concentration. We are therefore reasonably confident that the polarity of the side chain is a critical element to fixing the position of the charged anion and that the charged dopant has a strong preference for the polar layer because of this.
Conclusions
In conclusion, the small molecule dopant, F4TCNQ, is shown to diffuse readily into the P3HT at room temperature and efficiently dope this non-polar layer. Meanwhile, the increased intensity of the pre-edge peak in NEXAFS spectra unambiguously proves that polar SeP3MEET material can also be doped with the addition of F4TCNQ by showing the increased number of empty states in the SeP3MEET due to the molecular or charge transfer (CT) state doping. However, a test of conductivity vs. doping concentration in SeP3MEET shows an unexpected decrease, which is inconsistent with the clearly strong doping interaction. Morphology analysis using AFM reveals that this inconsistency does not result from morphological effects. Calorimetry measurements of F4TCNQ in SeP3MEET show a strong ordering interaction between F4TCNQ and side-chain of SeP3MEET, with 5 wt% doping increasing the side-chain melting temperature by~30 C.
A second aspect of doping investigated was the thermal stability of the dopant site. Since the dopants are not covalently attached to the polymer, they are free to diffuse if the Coulombic, dipolar, and van der Waals binding forces are overcome. SeP3MEET presents a particular challenge to monitor dopant diffusion because it is selfdoped, and so does not fluoresce. Bilayer experiments with P3HT as the reporter layer reveals that doped F4TCNQ binds in SeP3MEET with little leaving the layer even with heating to 150 C; this is a considerable increase over the 80 C sublimation temperature. In contrast, very little F4TCNQ remains in the P3HT layer after annealing at 80 C. It is likely that the side-chain ordering of the PEO side-chain of SeP3MEET causes the strong binding of the F4TCNQ. The alkane side-chain of P3HT does have polar bonds to orient and so is not able to contribute to binding F4TCNQ. These results suggest that adding ethyl-oxy side-chains to polymers is in general a good method for stabilizing the position of molecular dopants. Finally, reflectometry results show that 5 wt% of the F4TCNQ still remained in the SeP3MEET layer even with heating to 210 C. Developing a better understanding of the mechanism behind dopant site choice upon thermal annealing will help in the development and search for more stable doping methods and lead to organic electronic devices with improved lifetime and stability. 
